The activities of a cationic (C.PRX) and an anionic peroxidase isolated from peanut (Arachis hypogaea)-cell suspension culture were drastically reduced when they were deglycosylated with glycopeptidase F or oxidized by 10 mM-periodate. In contrast with the controls, the deglycosylated or the oxidized peroxidases were much more susceptible to proteolytic degradation. In radiolabelling experiments with [35S]methionine, the non-glycosylated C.PRX was synthesized in the tunicamycin-treated cultures and secreted into the medium. Examination of the C.PRX polypeptides by SDS/polyacrylamide-gel electrophoresis followed by fluorography showed that the non-glycosylated form had an Mr of approx. 31 000, which is about 78 % of that of the glycosylated form. Our results suggest that carbohydrates may not be essential for peroxidase secretion, but that stabilization of the peroxidase molecules and acquisition by these isoenzymes of a catalytically active conformation is linked directly or indirectly to glycosylation.
INTRODUCTION
Plant peroxidases (EC 1.1 .1.7) are glycoproteins that contain N-linked oligosaccharide chains, as shown for horseradish (Armoracia lapathifolia) peroxidase C (HRP C), turnip (Brassica napus) peroxidase (Welinder, 1985) and peanut (Arachis hypogaea) peroxidase (Ravi et al., 1986) . Many peroxidases occur in the cell wall or in the extracellular space (van Huystee, 1987) . They are probably synthesized on rough endoplasmic reticulum, processed in the Golgi complex and then secreted in the same way as many other glycoproteins (van Huystee & Chibbar, 1987) . Incorporation of [3H] mannose into the C.PRX was reduced by tunicamycin, an efficient inhibitor of N-glycosylation (Ravi et al., 1986) . In HRP C, eight oligosaccharide chains are exposed on the surface of the molecule (Welinder, 1985) . The carbohydrate moieties of peanut peroxidase are readily recognized by antibodies raised against the native isoenzymes (Hu & van Huystee, 1988) . However, relatively little is known about the biological significance of the oligosaccharide chains for the isoperoxidases. We therefore investigated the possible roles of these side chains in C.PRX and in the anionic peroxidase (A.PRX). Peanut cells were maintained in suspension culture as described by Hu et al. (1987a) . The C.PRX and the A.PRX were isolated from the conditioned medium by ion-exchange chromatography (Chibbar & van Huystee, 1984) and polyclonal antibodies were raised to each (Cairns et al., 1980) , and monoclonal antibodies (McAb) to the C.PRX (Hu et al., 1987b) .
EXPERIMENTAL
In experiments where the effects of tunicamycin were reversed, peanut cells were cultured with or without tunicamycin (1 ,ug/ml) added to the medium at day 0 of subculturing. After 6 days of culture, the culture medium was withdrawn. The cells were washed twice with normal medium not containing tunicamycin and allowed to grow in this medium for another 6 days. Peroxidase activity was monitored both before and after withdrawal of tunicamycin from the medium.
Periodate oxidation
Periodate treatment was conducted as detailed by Biroc & Etzler (1978) . The purified peroxidases (I mg/ml) were incubated in the dark at 4°C with 10 mM-sodium metaperiodate in 50 mM-sodium acetate buffer, pH 4.5. The reaction was stopped at specific time intervals by adding ethylene glycol (EG) to a final concentration of 16 %. The mixture was dialysed against 50 mM-phosphate buffer, pH 7.0, at 4°C before analysis for peroxidase activity or for binding ability to Con A. The same procedure was used for the controls, except that periodate was omitted or added after the addition of EG, or EG was added alone. In the case of peroxidase binding to Con A, the procedures described by Hawkes (1982) were adapted with minor modifications. Briefly, the peroxidases were resolved by SDS/PAGE and blotted to nitrocellulose membrane (Hu et al., 1987b (Towbin et al., 1979) . The same procedure was used for the control, except that 0.1 M-mannose was included in 2 % BSA/TBS for blocking.
Deglycosylation of peroxidases
The native C.PRX or A.PRX (1 mg/ml) was incubated with PNGase F at a concentration of 12 units/mg of protein in 0.1 M-sodium phosphate buffer, pH 8.0, at 37°C for increasing periods by the method of Tarentino et al. (1985) .
Radiolabellng and immunoprecipitation
Peanut cells at the exponential stage of growth were preincubated with or without tunicamycin (1 ug/ml) for 1 h, and then labelled with [35S]methionine in the presence or absence of the same concentration of tunicamycin (Ravi et al., 1986) . At various time intervals, the cells were recovered, homogenized and extracted as described previously (van Huystee & Lobarzewski, 1982) . The radioactivity incorporated into total proteins was measured after precipitation with cold 10 0O (w/v) TCA (Mans & Novelli, 1961) . The C.PRX was precipitated from the medium or the cellular extracts with specific rabbit antiserum (Ivarie & Jones, 1979) . After preclearing with rabbit pre-immune serum and protein A (IgGSorb), aliquots of 1 ml of medium or 0.5 ml of cellular extract were incubated at 4°C with 100 4tl of rabbit anti-C.PRX serum. After 1 h, 300 1l of IgGSorb was added to each sample and the mixture was kept at 4°C for another 30 min before centrifugation. The pellets were washed thrice with TBSE [10 mM-Tris/HCl (pH 7.6)/0.15 MNaCl/1 mM-EDTA] supplemented with 0.500 Nonidet P40. The washed pellets were dissolved in scintillation liquid for radioactivity measurement or resuspended in SDS sample buffer [62.5 mM-Tris/HCl (pH 6.8)/20 (w/v) SDS/5 % (v/v) 2-mercaptoethanol/ 1000 (v/v) glycerol]. In the latter case, 40 1tl of sample buffer was added to each pellet, boiled and centrifuged for 3 min. The supernatant obtained was used for SDS/PAGE and fluorography.
PAGE, immunoblotting and fluorography SDS/PAGE on 120 polyacrylamide gels, transferring and Western blotting of the separated proteins were done as described by Hu et al. (1987b) . Fluorographs were prepared by the method of Bonner & Laskey (1974) .
Other assays
Protein contents were measured as described by Lowry et al. (1951) , with BSA as standard. Peroxidase activity assay was performed using guaiacol and H202 as substrates (van Huystee & Lobarzewski, 1982) .
Trypsin digestion
The peroxidases pretreated with or without PNGase F or sodium periodate were hydrolysed with trypsin at 1 00 (w/w) final concentration in 0.1 M-sodium phosphate buffer, pH 8.0 for 30 min or 1 h (Allen, 1981) . Tryptic digests were then subjected to SDS/PAGE and Western blotting. 
RESULTS
Carbohydrate requirement for the expression of enzyme activity in peroxidases
The purified C.PRX and the A.PRX were first treated with periodate, which oxidizes vic-hydroxy groups of carbohydrates (Dyer, 1956) . The activities of both isoenzymes were found to be greatly reduced upon incubation with 10 mM-sodium metaperiodate (Table 1) . A rapid decrease in the enzyme activity occurred in the first 10 min, followed by a gradual reduction. The A.PRX appeared to be more sensitive to periodate oxidation, since its activity was lost more rapidly and more completely than that of C.PRX. In the meantime, a slight reduction of peroxidase activity was also observed in the controls with EG added before periodate. However, this reduction could be accounted for by incubating the peroxidase with EG alone (Table 1 ). The ability of the peroxidase isoenzymes to bind Con A were eliminated by treatment with periodate ( Fig. 1) . These results thus suggest that intact carbohydrate chains are probably required for peroxidase activity.
Confirmation of the need of glycosylation for expression of peroxidase activity was found in experiments where the enzymes were treated with PNGase F, which acts on the N-glycosidic linkage and generates a carbohydrate-free peptide and intact oligosaccharide chains (Tarentino et al., 1985) . Purified C.PRX or A.PRX peroxidase was hydrolysed by PNGase F under native conditions and peroxidase activity was assayed at various time intervals. Under these conditions, the Mr of the peroxidases were about 1000 lower than those of the controls (Fig. 2) . However, peroxidase activities of the isoenzymes were both reduced. The peroxidase activity Table 1 . Effect of periodate oxidation on peroxidase activity The C.PRX (Rz = 2.5) or the A.PRX (Rz = 2.0) in 50 mM-sodium acetate buffer, pH 4.5, at I mg/ml, was mixed with an equal volume of 20 mM-NaIO4 (sodium metaperiodate) and incubated at 4°C in the dark. The reaction was stopped at the times indicated by the addition of 16% EG, followed by dialysis against 50 mM-phosphate, pH 7.0. For the controls, the same procedure was performed, except that the peroxidases were incubated with sodium acetate buffer alone, with EG in the buffer, or with NaIO4 added after the addition of EG. The values are means+S.D. (n = 3). (Table 2) . Conversely, the C.PRX did not lose its activity as severely under the same conditions. Stability of the isoperoxidases Periodate-oxidized peroxidase demonstrated an increased susceptibility to attack by trypsin (Fig. 3) the controls were clearly visible. Similarly, the partially deglycosylated peroxidases were much more susceptible to trypsin (Table 3) . About 12 % of the original peroxidase activity was detectable in each isoenzyme after 1 h and no activity remained by the end of the 2 h incubation with 1 % trypsin at 37 'C. Conversely, the native peanut peroxidases retained about 80 % activity after 2 h incubation. Again, the partially deglycosylated peroxidases were not retained on the gel after trypsin treatment when analysed by SDS/PAGE (results not shown). Therefore the carbohydrate appears to exert a biosynthesis and distribution of C.PRX may yield information on the role of carbohydrates in secretion of the peroxidase molecule. We reported that there was a remarkable decrease of peroxidase activity in the culture medium supplemented with tunicamycin (5 jtg/ml) and a reduction of incorporation of radioactive precursors into the released C.PRX (Ravi et al., 1986) . It remained unclear, however, whether the decrease in C.PRX in the medium was due to a reduced secretion or to inhibition of biosynthesis of the protein moiety. protective effect against proteolysis of peanut peroxidase isoenzymes, and this in turn increases the stability of the enzyme molecules. Formation and distribution of the C.PRX in the presence of tunicamycin The C.PRX is the major peroxidase isoenzyme released into the culture medium (Maldonado & van . A study of the effects of tunicamycin on the tunicamycin (1 pg/ml)-treated (+) and control (-) peanut-cell cultures
The cells were incubated with [35SJmethionine for 3.5 h.
The C.PRX immunoprecipitated from 2 ml of 64 medium (a) or 0.5 ml cellular extract (b) was reduced and analysed by SDS/PAGE and fluorography.
for another 3.5 h. A rapid increase in radioactivity incorporated into the trichloroacetic acid-insoluble cellular proteins was observed in the first 1 h of radiolabelling for both the control and the treated sample (Fig. 4a ). In agreement with this, the specific radioactivities in the C.PRX immunoprecipitated from the cellular extracts reached their maxima at 1 h and then levelled off (Fig.   4b ).
The secretion of newly synthesized proteins into the medium was inhibited by tunicamycin treatment (Fig. 4c) . The C.PRX was released quickly into the control medium after radiolabelling (Fig. 4d) . In the tunicamycin-treated cultures, however, secretion of the non-glycosylated form of this peroxidase proceeded slowly over the labelling period and reached a level of about one-third that of control at 3.5 h (Fig. 4d) . Rapid degradation of medium proteins is not probable, since no proteinase has been detected in the medium (van Huystee & Turcon, 1973) .
Another consequence of tunicamycin treatment is the increased electrophoretic mobility of the polypeptide shown by immunoprecipitation with the specific antiserum to C.PRX (Fig. 5) . This band had an Mr of about 31 000, which is 9000 lower than that of control. Such a comparatively lower Mr would be expected for a protein in which glycosylation is prevented (Hu & van Huystee, 1988; Ravi et al., 1986 ). The C.PRX treated with trifluoromethanesulphonic acid (TFMS) gave a peptide with an Mr about 31900 on SDS/PAGE (Hu & van Huystee, 1988) . The Mr difference between the C.PRX isolated from tunicamycin-treated cultures and the TFMS-deglycosylated form is probably due to the N-acetylglucosamine residues left on the linkages.
The finding that the non-glycosylated C.PRX synthesized in the presence of tunicamycin continues to be transported and released, albeit at a lower rate into the medium, was confirmed by Western blotting. In this experiment, peanut cells were washed before subculturing in medium supplemented with or without tunicamycin (1 ,ug/ml). At the exponential cell-growth phase and peroxidase production (van Huystee & Lobarzewski, 1982) , the cells were harvested, homogenized and extracted. Only a broad band with an approx. Mr of 40000 (at the top) was detected from the control medium on the immunoblot probed by McAb-B, which is specific for the protein part of C.PRX (Hu et al., 1987b; Hu & van Huystee, 1988) . Multiple polypeptide bands of approx.
Mr 40000, 38800, 36000, 33500 and 31200 reacting to Fig. 7 . Recovery of peroxidase activity in the culture medium after tunicamycin treatment Peanut cells were incubated with (----) or without ( ) tunicamycin (1 /,g/ml) for 6 days and then washed with, and continued to be cultured in, fresh normal medium.
this McAb showed up in the medium of tunicamycintreated culture (Fig. 6a) . In contrast with a drastic decrease of peroxidase activities in the medium of tunicamycin-treated cultures, the specific peroxidase activity of the treated cellular extracts remained virtually the same as that of control (Table 4) . Since an inhibition of peroxidase activity in the medium as well as of cell growth in terms of fresh weight was noted after several days culture in the presence of tunicamycin (Table 4) , a peroxidase-activity-recovery experiment was performed to examine the reversibility of tunicamycin effect. The results of such an experiment are shown in Fig. 7 . Upon removal of tunicamycin, the accumulation of peroxidase activity in the medium resumed slowly and reached the same level as that of control at day 12 ofculture. Western blots of medium proteins at this stage demonstrated no difference between control and treated samples (Fig. 6b) .
DISCUSSION
The present study evaluates the role of carbohydrates in the enzyme activity, stability and release of peanut peroxidases. Our major findings are: (i) that deglycosylation or periodate oxidation of carbohydrates of the C.PRX and the A.PRX greatly reduces peroxidase activities and increases their susceptibilities to proteolysis and (ii) that the drastic inhibition of glycosylation of the C.PRX does not prevent its synthesis or secretion. Thus carbohydrates of these isoperoxidases seem to be essential for the expression of peroxidase activity and for the stability of their protein moieties.
It has become evident that protein glycosylation may contribute to, and be an intrinsic part of, the physiological activity of glycoproteins (Rademacher et al., 1988) . The evidence provided by periodate oxidation and enzymic deglycosylation of the C.PRX and the A.PRX under non-denaturing conditions indicates that carbohydrates are necessary for peroxidase activity (Tables 1 and 2 ). The elimination of binding of the periodate-oxidized peroxidases (Fig. 1) to Con A and preservation of their reactivities towards the antibodies (Fig. 3) indicate that the effect of the mild periodate treatment was directed to carbohydrate rather than to protein. Native peanut peroxidase molecules seemed to be quite resistant to attack by PNGase F, since their Mr was approx. 1000 less than that of the controls after incubation with PNGase F overnight under the conditions described. The peroxidase activities were reduced, however, to about 37 and 0.7 % of controls for the C.PRX and the A.PRX respectively (Table 2 ). These results suggest that not all of the oligosaccharide chains are required for the expression of peroxidase activities.
When examining the Western blot of the cellular extracts in Fig. 6(a) , one may see that two polypeptides of Mr 40000 and 36000 were detected by McAB-1B from the cellular extracts of both control and tunicamycintreated cultures with the higher band denser, and the lower one lighter, in the control. Since the nonglycosylated form of the C.PRX was found to have an Mr of 31000 (Fig. 5) , the 40000 and 36000 bands are fully and partially glycosylated forms respectively. They may ha-ve assumed a catalytically active conformation, and thus the cellular extracts of both control and treatment showed the same level of peroxidase activity (Table 4) . However, the reason why only these two forms of polypeptide of the C.PRX are detected in the cellular extracts is unclear. In contrast with enzyme activation, glycosylation in the C.PRX is not a prerequisite for its secretion (Figs. 4d, 5 and 6 ). Similar observations have been reported for other glycoproteins (Chrispeels et al., 1982; Reinwald, 1985; Amri et al., 1986}. Carbohydrates in peanut peroxidases exert a protective effect on the protein moieties ( Fig. 3; Table 3 ). This is consistent with conformational studies of HRP C, in which the carbohydrate chains are found to occur on the surface of the molecule (Welinder, 1985) . They probably act as a molecular shield, blocking the access of proteinases to the potential proteolytic cleavage sites or stabilize the conformation of the protein part in which the cleavage sites are exposed, as has been suggested by Schwarz & Datema (1982) .
In summary, peanut peroxidases seem to be the first example of plant enzymes reported in which oligosaccharide units are likely to play a critical role for the acquisition of their catalytic activities and their stabilities. 
